INTRODUCTION
Left ventricular assist devices (LVADs) are an invaluable part of the therapeutic armamentarium for patients suffering from advanced heart failure. When used either as a bridge to transplant, to promote myocardial recovery, or as lifetime use, LVADs have proven to prolong survival and improve quality of life [1] [2] [3] . Unfortunately, mechanical circulatory support carries significant morbidity that imparts a significant burden to the patient and socioeconomically -including multiple readmissions and reoperations.
One of the more vexing issues for patients and providers is the physiologic toggling between thrombosis and bleeding. Although the overall rate of adverse events has decreased in the continuous flow era, adverse events including hemolysis, stroke, renal dysfunction, and respiratory failure are more common [4] . For those taking care of chronic LVAD patients, the threat of gastrointestinal bleeding, stroke, and pump thrombosis is a routine part of care for this patient population. Pump thrombosis, in particular, has become a mainstream concern following a report suggesting an increased incidence of this event [5] . This dreaded complication, and the need for pump exchange, portends markedly reduced life expectancy, with 1-year survival of 65% after a second implant, and only 50% after a third implant [4] .
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THE BIRTH OF THE PLATELET
The origin of platelets from bone marrow megakaryocytes was recognized early in the 20th century [6] . Platelets are generated by megakaryocyte cytoplasmic extensions termed proplatelets. Apoptotic stimulation through mitochondrial caspase activation regulates proplatelet differentiation and platelet shedding. In addition, megakaryocyte development and platelet formation are regulated by a multitude of cytokines, principally thrombopoietin and interleukin-3, interleukin-6, and interleukin-11. Thrombopoietin drives megakaryocyte maturation, resulting in the accumulation of distinctive cytoplasmic components: plateletspecific proteins, organelles, and the demarcation membrane system -an elaborate network of membrane channels composed of flattened cisternae and tubules [7] .
The biogenesis of secretory granules is a cardinal feature of thrombopoiesis. The most abundant are 'a-granules', which contain an electron dense nucleoid within a granular matrix. a-Granules contain proteins essential for platelet adhesion, including fibrinogen, fibronectin, von Willebrand factor (vWF), and thrombospondin. 'Dense granules' contain small molecules such as serotonin, epinephrine, and ADP. Both types of granules originate from the Golgi complex, are present in mature megakaryocytes, and acquire their contents through a combination of endogenous synthesis and uptake of plasma components by receptor-mediated endocytosis and pinocytosis. Transformation of the megakaryocyte cytoplasm initiates erosion at one pole of the cell and subsequently concentrates cellular contents into proplatelet extension. Mature megakaryocytes migrate into proximity to sinus endothelial cells, thereby enabling projected proplatelets to enter the vascular space. Proplatelet formation represents the terminal phase in the mega-karyocyte lifecycle (Fig. 1) [8] .
PLATELET FUNCTION
Hemostasis is the process of clot formation at the site of vessel injury. The hemostatic response must be quick, localized, and carefully regulated. The initiation and the formation of the platelet plug is the first step of the hemostatic process. The functional response of activated platelets at the site of vascular injury involves three distinct processes:
(1) Adhesion: With exposure of the subendothelial space after vascular injury, platelets adhere to exposed basement membrane proteins (proteoglycans, collagen, fibulin, and laminin) and molecules secreted locally (vWF), through their membrane glycoprotein receptors (GP1a). This process is energy dependent, requiring ATP. Platelet interaction with collagen not only provides a surface for additional platelet adhesion but also serves as a strong stimulus for platelet activation. (2) Aggregation: After adhering, platelets change their shape, spreading along the collagen fibrils. Secretion of thromboxane A2 and ADP synergistically attracts and stimulates neighboring platelets. These activated platelets directly bind to the circulating coagulation protein fibrinogen. Fibrinogen binds to platelet integrin GPIIb/ IIIa receptors, thereby cross-linking adjacent platelets. (3) Secretion: Once activated, platelets release the contents of their a-granules and dense granules, which further promote activation and adherence of additional platelets.
As mentioned, platelet activation is not an isolated physiologic event. It is intimately associated with the natural clotting cascade. Intrinsic activation from the exposure of procoagulant phospholipids on the platelet surface, as well as extrinsic activation by tissue factor at the site of injury, allow
KEY POINTS
Linking clinical events to standard biomarkers of platelet activation is inadequate.
Shedding of platelet receptors and formation of microparticle complexes offer more sophisticated approaches for LVAD-induced platelet activation.
Novel methods of platelet functionality, including altered mitochondrial membrane potentials, exist.
Acquired von Willebrand syndrome, while not explaining all bleeding events, is a central feature of mechanical support and offers a target for innovative therapies.
convergence and activation of factor X. The resultant conversion of prothromin to thrombin not only leads to fibrin formation but also serves to perpetuate the continued activation of additional platelets. Consequently, platelet activation and fibrin deposition are intimately linked, maximizing the growth and strength of the hemostatic plug.
PLATELETS AND HEMOCOMPATIBILITY
Thrombotic complications associated with LVADs have multiple causes (Fig. 2) [9] . Of these, 'hemocompatibility' -that subset of biocompatibility related to the effects of blood elements and a mechanical device -and shear stress play a significant role. Virchow's triad (endothelial injury, hypercoagulability, and stasis) can apply, by analogy, to LVAD patients. The bioreactive material of the device, circulating activated platelets, and aberrant flows create an environment for thrombogenesis [10 && ]. Shear stress and hemolysis are complicit in this process, as ADP leakage from damaged red cells is a potent platelet activator.
Historically, hemocompatibility has been the Achilles' heel of support pumps. When plasma proteins (including but not limited to factor XII, prekallikrein, factor XI, and kininogen) interact with the negatively charged foreign surface in a circulatory pump, the intrinsic cascade is activated. Despite current efforts to make uniformly smooth metallic surfaces, irregularities on the pump surface may promote platelet adhesion [11] . When blood is exposed to this rough surface, fibrinogen and vWF are adsorbed to the metallic surface, providing a nidus for platelet adhesion. Once contact adhesion occurs, spreading of platelets onto the surface occurs and release of their secretory granules further drives platelet activation and subsequent deposition of fibrin, platelet aggregates, leukocytes, and erythrocytes ( Fig. 3 ).
PLATELET ACTIVATION AND LEFT VENTRICULAR ASSIST DEVICES
With activation, platelets expose several cell surface glycoproteins and release contents of their secretory granules, including b-thromboglobulin, platelet factor-4, P-selectin (CD62), thrombospondin, and integrins (GPaIIbb3, GPIba, and CD63) [12] . Of these, P-selectin and thrombospondin have been most studied. P-selectin on the surface of platelets mediates homotypic platelet-platelet aggregation There are multiple studies examining platelet activation in patients with LVADs. Some of this evidence remains controversial, likely due in part to differences in patient populations, preanalytical variables, and the timing of measurements as well as biological aspects of these various activation indices (Table 1 ). For example, in patients supported with pulsatile LVADs, P-selectin and thrombospondin peaked on postoperative day 3, and, although decreased after 3 weeks, remained above normal levels [13] . Similarly, CD63 expression was initially increased and subsequently decreased after 4 weeks, but not to normal levels. To date, altered expression of platelet activation markers has not been correlated with bleeding time or clinical events. In a group of patients supported with external pulsatile VADs, persistent membrane expression of P-selectin, but not integrin aIIbb3 and Iba Upon contact with the blood, the titanium bioreactive surface of the LVAD adsorbs several plasma proteins, including albumin, fibrinogen, fibronectin, and vitronectin, forming a protein layer covering the LVAD surface. With contact, activated platelets change their discoid shape by putting out pseudopods and release their dense and a-granules. Fibrinogen, vWF, and factor VIII form a complex with the GP1b receptor site of the activated platelet to cause adherence. This complex produces a conformational change in the GPIIb/IIIa receptor, allowing the platelet to bind with fibrinogen. As this occurs, the newly recruited platelets release their granule content, which accelerates the thrombus development by increasing linkages between the platelets with fibrinogen/fibrin bridges. Subsequently thrombin is generated and stabilizes the local thrombus. GP, glycoprotein; LVAD, left ventricular assist device; vWF, von Willebrand factor.
expression, was observed, suggesting only moderate persistent platelet activation [14] . Several studies have examined platelet activation in second-generation axial-flow devices. In patients receiving the MicroMed pump, increased expression of P-selectin, CD63, and CD31 was observed in the early postoperative period that returned to baseline several weeks postimplant [15] . In the Jarvik 2000 LVAD, sustained expression of P-selectin, GPIIb/IIIa, and soluble CD40L was not observed [16] . Similar lack of platelet biomarker expression was also observed in patients supported with the HeartMate II LVAD -independently of length of LVAD support, patient age, or antiplatelet regimen [17, 18] .
A recent study compared platelet activation in patients supported with the HeartMate II and the third-generation centrifugal HeartWare LVAD. No differences were observed in expression of platelet markers CD41, CD42b, or CD62. Significant differences in other markers of hemolysis and coagulation were identified -higher levels of lactate dehydrogenase in HeartMate II patients and higher levels of fibrin-split products (D-dimers) in HeartWare patients [19 && ]. Taken together, these studies demonstrate that simply measuring standard biomarkers of platelet activation might not tell the whole story.
ROLE OF PLATELET MICROPARTICLES
When blood traverses the high shear environment of mechanical pumps, hemolysis and complement activation are involved with generation of microparticles. In particular, LVAD patients express increased levels of platelet-derived microparticles that may contribute to thrombus formation [20, 21] .
When activated, platelets and leukocyte microparticles bind to endothelial cells and induce inflammatory gene expression with release of interleukin-6 and interleukin-8 and upregulation of cellular adhesion molecules including intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and E-selectin. In patients supported with LVADs, these markers peaked in the early postoperative and remained elevated for 6 months [22] . Microparticles may be involved in the perpetuation of a vicious cycle of endothelial damage that propagates vascular dysfunction and increases the risk for thromboembolic complications [23] .
Increased monocyte activation and CD14 expression has been implicated in thrombotic events and inflammation in patients with advanced heart failure. Following LVAD implantation, increased density of monocyte membrane expression of CD14 is associated with increased monocyte-platelet complexes (MPCs). These aggregates induce expression of monocyte tissue factor, which contributes to procoagulant responses, thrombogenesis, and the proinflammatory state. In 15 patients, no differences in standard platelet biomarkers were seen after 6 months, but 40% had persistent elevation of MPCs, of whom two of these patients had major events (embolic stroke and multiorgan failure) [24] . In summary, the influence of platelets likely involves not only the release of their stored granules and the paracrine effect of those substances, but also their central role in interacting with other vascular and blood stream components.
LEFT VENTRICULAR ASSIST DEVICES, PLATELETS, AND BLEEDING
Nonsurgical bleeding among LVAD-support patients is a major problem and is responsible for hospital readmissions, blood products transfusion, and impaired quality of life. Although dysregulated platelet function likely contributes to nonsurgical bleeding, few studies have examined this issue in chronically supported continuous flow patients. Bleeding in chronic ventricular assist device therapy Koliopoulou et al.
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The Maryland group studied 25 LVAD patients and demonstrated that platelet reactive oxygen species (ROS), mitochondrial damage, and apoptosis are increased in advanced heart failure patients at baseline and are further increased after LVAD insertion. In addition, when patients with and without bleeding were compared, no differences in the levels of ROS were observed, but patients with bleeding had a two-fold and 1.5-fold rise in depolarized and apoptotic platelets, respectively. Postimplant, these platelet abnormalities remained elevated in the bleeding group, while decreasing in the nonbleeders, thereby suggesting a potential, even though incompletely understood, role of platelet dysfunction in bleeding complications [25 && ]. The same group of investigators then compared patients supported with three different devicesHeartMate II (St Jude Medical), HeartWare HVAD (HeartWare), and the Jarvik 2000 (Jarvik Heart, Inc.). Flow cytometric analysis showed significantly higher intraplatelet ROS, an increase in mitochondrial membrane potential (DCm), and more platelet apoptosis in HeartWare supported patients compared with the other two devices. These laboratory abnormalities correlated with more observed bleeding complications (nearly 50%) in the HeartWare patients [25 && ]. The concept of platelet dysfunction as manifested by altered mitochondrial membrane potential is intriguing. An association between platelet dysfunction and the systemic inflammatory response (SIRS) has been observed in multiple patient populations [26] . In cystic fibrosis (CF)-LVAD patients who develop SIRS, there is a positive association between platelet function as assessed by collagen, ADP, and epinephrine closure times and the percentages of depolarized DCm platelets. Although the increased incidence of major clinical events could be associated with the broader cycle of SIRS, mitochondrial energy status, quantified by DCm, is associated with qualitative platelet defects and thrombocytopathies that could be a useful marker for post-LVAD adverse events [27 & ].
LEFT VENTRICULAR ASSIST DEVICES AND PLATELET SHEDDING
Amongst other effects, exposure of blood to elevated shear stress results in shedding of platelet surface receptors, including the glycoprotein Iba (GPIba) receptor. Platelet GPIba is expressed as the ligandbinding unit of the GPIb-IX-V complex with vWF. The interaction produces transmembrane signaling and platelet activation. Increased plasma GPIba level is associated with decreased ristocetin-induced platelet aggregation and an increased risk of bleeding [28] . In LVAD supported patients, higher levels of GPIba ectodomain shedding (in the first 2 weeks after implant) were observed in patients with clinical bleeding events. Assaying this shed receptor might provide a diagnostic tool for predicting bleeding in LVAD patients [29 && ]. Several in-vitro studies have also examined the influence of shear stress and shedding of platelet receptors, including GP1ba, GPVI, and GPIIb/IIIa [30, 31] .
GPIIB/IIIA POLYMORPHISM
In addition to upregulation and shedding of platelet glycoprotein receptors, genomic changes can also contribute to altered platelet function. The Berlin group examined the influence of genotypes that code for the GPIIa/IIIb receptor on clinical events. They observed that patients with the A1A1 genotype had significantly more bleeding complications (and fewer thrombotic) than did patients with the A1A2 genotype. Conversely, A1A2 patients had more thromboembolic events [32] .
These findings have significant clinical implications with regard to oral platelet inhibitors, as A1A1 subjects are more sensitive to antiplatelet therapy. In A1 homozygotes, aspirin results in a reduction in the speed of thrombin formation, prothrombin consumption, and fibrinogen removal, while the presence of the A2 allele is associated with impaired antithrombotic action [32] . While others have not confirmed genotype-associated complications, LVAD patients with the A1A1 polymorphism did express higher levels of CD62P, CD63, thrombospondin, and MPCs [24] .
ACQUIRED VON WILLEBRAND SYNDROME AND LEFT VENTRICULAR ASSIST DEVICE
vWF is a multifunctional plasma protein that plays an important role in the events that lead to hemostasis and thrombosis. vWF is synthesized and stored in the Weibel-Palade bodies of endothelial cells and in the a-granules of platelets. Platelet vWF constitutes about 15-20% of the total vWF present in the blood. In the plasma, vWF functions as a stabilizing chaperone for coagulation factor VIII. It has binding sites for collagen and for platelet membrane glycoprotein GPIb and GPIIb-IIIa, mediating the adhesion and aggregation of platelets at sites of vascular injury by acting as a bridging element to structures in the subendothelial matrix.
vWF circulates in the blood as a large soluble multimeric protein that is cleaved by a metalloprotease (ADAMTS13). When exposed to conditions of high shear stress, structural changes occur in the von Willebrand molecule, thereby exposing the bond between amino acids 842 and 843(6) to the specific von Willebrand protease [33] . This results in acquired type 2 von Willebrand syndrome, characterized by the loss of the largest von Willebrand multimers, which are critical for effective plateletmediated hemostasis.
In patients supported with the HeartMate II, ristocetin-induced platelet aggregation is significantly impaired, especially in those with minor or major bleeding events. The specific activity of vWF is also reduced as a result of the lack of high molecular weight vWF multimers. As such, HeartMate II patients develop an acquired form of vWF deficiency that appears similar to that observed in patients with aortic stenosis and other cardiac defects [34] . Another study demonstrated that all 26 HeartMate II patients examined had severe impairment of platelet aggregation as well as loss of large vWF multimers [35] . This acquired von Willebrand syndrome reverses after transplantation and device removal.
When HeartMate II patients were compared with those supported with the third-generation HeartWare HVAD centrifugal flow pump, vWF profiles did not discriminate between patients with and without bleeding and thromboembolic events. The investigators did observe, however, that the speed of the HVAD pump correlated with a lower percentage of high molecular weight multimers, whereas vWF breakdown in HeartMate II patients was not related to pump speed [36 & ]. Despite significant reduction in vWF multimers, not all patients have bleeding events [37] . Indeed, vWF loss does not fully account for bleeding complications in CF-LVAD patients. Angiodysplastic lesions, either present prior to implant or developed after implant, are important pathologic features of bleeding in these patients. While their relationship to nonpulsatile blood flow remains hypothetical, some data suggests that enhanced pulsatility can decrease the incidence of bleeding complications [38] . In summary, acquired vWF is practically ubiquitous with mechanical circulatory support, but it is likely only one part of the story related to bleeding and thrombotic events in LVAD patients.
THERAPEUTIC CONSIDERATIONS
Manipulating factors that alter the balance of bleeding and thrombosis appears conceptually attractive. The morbidity and socioeconomic burden of their related complications mandate the community to try to find ways to decrease these adverse events. Because of its central role in this paradox, the platelet is an obvious target.
Antiplatelet therapy with aspirin is a core therapy for all patients on LVADs. Some manufacturers suggest dual antiplatelet therapy (dipyridamole) as well (i.e. Jarvik, Inc.). When bleeding occurs, many will decrease aspirin from 325 mg to the lower 81 mg dose. However, with the HeartWare HVAD, lower aspirin dosing was correlated with increased embolic events [39] .
Several other mechanistically driven platelet specific therapies have been investigated. Desmopressin administration has long been used for the treatment of von Willebrand disease and uremic bleeding. It liberates intact vWF from platelets and endothelial cells. While anecdotally utilized for LVAD nonsurgical bleeding, no formal study has investigated its use. Alternatively, a recent case report described utilizing purified vWF concentrate to treat a patient with intractable gastrointestinal bleeding [40] . Replacing the disrupted vWF multimers with 'new' concentrated vWF has potential for acute bleeding events, but its long-term therapeutic efficacy remains to be determined.
In the setting of enhanced shear stress with LVADs, acquired von Willebrand syndrome appears to be significantly related to upregulation of ADAMTS13, which correspondingly increases vWF proteolysis [41] . Manipulating the natural regulation of vWF proteolysis by ADAMTS13 represents a potential therapeutic option for nonsurgical LVAD bleeding. Direct inhibition of vWF degradation could also be achieved with monoclonal antibodies targeting the vWF D4 domain. This approach partially inhibited vWF-ADAMTS13 binding and reduced but not fully inhibited loss of HMW multimers under conditions of high shear stress [42] . This ex-vivo proof-of-concept of an antibody-based therapy for the treatment of vWF degradation induced by circulatory support has the potential to provide more sustained stabilization of vWF.
Antibody-directed therapy could also target other platelet components. An interesting in-vitro study examined the effect of the local delivery of the GPIIb/IIIa receptor inhibitor, TAK-029. When the circuit was primed with albumin or albumin-bound TAK-029, the amount of adsorbed fibrinogen was significantly reduced, with a beneficial effect on platelet adhesion at the interface [43] . A controlled and local drug release from the pump itself could deter thrombus formation. This biomedical engineering solution holds promise, but it will take much work to identify suitable chemical and surface bonding that will appropriately balance the antiplatelet effect and potential for bleeding complications. 
CONCLUSION
While no single factor can take responsibility for toggling the predisposition to bleed or clot, the platelet certainly plays a central role in both activities. Advanced heart failure patients and those who are subsequently implanted with a durable LVAD have multiple markers that suggest platelet activation. Yet, chronic LVAD support does not result in consistent changes in traditional platelet biomarkers that can than be linked to clinical events. Platelet functionality and the formation of the hemostatic plug are likely more relevant than pure biomarker tests. While all mechanical pumps create a disruptive environment, some patients might be genetically predisposed to more aggressive platelet dysfunction. Acquired von Willebrand syndrome has the potential to be mitigated with some magnetically levitated pumps, but targeting abnormalities in vWF biology offers promising therapeutic targets. Insights related to interactions with blood-formed microparticles as well as platelet receptor shedding provide new areas of both mechanistic and therapeutic research.
In summary, the yin-yang of bleeding and thrombosis remains a vexing problem in patients supported with LVADs. Platelet biology is transforming beyond simple markers of aggregation and release of secretory granules. Future directions will be based on manipulating their transcriptomic and proteomic molecular signatures and more targeted approaches to membrane and proteinprotein interactions. Although the LVAD guarantees platelets a rough environment, how an individual's platelet responds to that stress is likely different. Over the next 5-10 years, platelet-related therapies for LVAD patients will become more personalized, accounting for genetic differences in the patient and genomic differences in the platelet.
